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ABSTRACT
Cogeneration (or Combined Heat and Power) continues to gain importance in power
production because of its high efficiency, environmental friendliness, and flexibility. Louisiana
State University (LSU) recently began operation of a new 20 MW cogeneration system. This
new facility can serve as a useful learning tool for chemical and mechanical engineering students
throughout their education at LSU. The goal of this project is to develop educational modules
utilizing the cogeneration system which have industrial significance. Educational modules will
include: a comparison of ideal gas versus real gas thermodynamics for a cogeneration
optimization problem, a cogeneration data reconciliation problem, and a system level energy
management optimization problem. The modules will be solved using Microsoft Excel as a
solution platform to help promote wide spread use. The energy management strategy accounts
for seasonal and time of day operating strategies. The optimal operating strategy is compared to
current operating strategies to determine the most economical and most efficient methods of
operating the LSU utility system. The new operating strategies can offer significant potential
savings.
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CHAPTER 1
INTRODUCTION
1.1 Definition of Cogeneration
Cogeneration (also known as Combined Heat and Power, or CHP) is the simultaneous
production of heat and electrical power. Cogeneration is typically used for large towns,
universities, hospitals, hotels, prisons, oil refineries, chemical plants, paper mills, wastewater
treatment plants, enhanced oil recovery wells, and numerous other industrial plants with
significant heating needs (EDUCOGEN, 2001). Cogeneration has also been adapted on a
smaller scale to individual homes or businesses (called micro cogeneration) (EDUCOGEN,
2001).
Because cogeneration is simply combined heat and power production, it is extremely
flexible. There are many variations of CHP. Power production options include steam turbines,
gas turbines, reciprocating engines, stirling engines, fuel cells, and micro-turbines. Heat
recovery typically consists of a waste heat recovery boiler which uses the exhaust gas of power
production to heat another fluid, usually water. Heat recovery boilers usually are composed of
one, two, or three sections: an economizer (to preheat the water), an evaporator (to vaporize the
water), and a superheater (to superheat the steam). The end use of the hot water/steam
determines which of the three sections of the heat recovery boilers are needed. Heat recovery
boilers can also have supplemental firing in which additional fuel is burned to increase the
temperature of the exhaust gas in order to create additional hot water/steam.
There are two types of cogeneration plants. One type of cogeneration plant is called
bottoming cycle cogeneration. It generates heat first and electricity second. These plants exist
only in heavy industries such as glass or metals manufacturing where very high temperature
furnaces are used.
1

The most common type of cogeneration plant is called topping cycle cogeneration and
produces electricity first and heat second. Typical configurations for topping cycle cogeneration
plants are (EDUCOGEN, 2001):
(1) A gas turbine or diesel engine producing electrical or mechanical power followed by a
heat recovery boiler to create steam to drive a secondary steam turbine. This is called a
combined-cycle topping system. Combined cycle is useful for maximizing power production
when no process steam or hot water is needed.
(2) The second type of system burns fuel (any type) to produce high-pressure steam that
then passes through a steam turbine to produce power while the exhaust provides low-pressure
process steam. This is a steam-turbine topping system and is useful when a fuel source is readily
available at low cost and only low-pressure process steam is needed.
(3) A third type employs hot water from an engine jacket cooling system flowing to a heat
recovery boiler, where it is converted to process steam and hot water for space heating. This
type is useful for many engines which require significant cooling because a high temperature
cooling water stream is available to further heat into process steam.
(4) The fourth type is a gas-turbine topping system. A natural gas turbine drives a generator.
The exhaust gas goes to a heat recovery boiler that makes process hot water or steam. This type
is useful for producing large amounts of both power and steam and is the type here at LSU.

1.2 Importance of Cogeneration
Cogeneration is important for numerous reasons. The first is that capturing the waste
heat from power generation can result in an increase in efficiency from below 50 % for
conventional power generation to 70 - 90 % for cogeneration. This offers significant potential
savings in energy costs. Additional electricity generated can also be sold back to the grid in a
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deregulated electricity market, opening up more opportunities for energy savings (EDUCOGEN,
2001).
Cogeneration also provides a stable supply of electricity and process steam which is only
dependent upon the availability of the fuel used in the process. This is very important for areas
where the local electric service is unreliable and/or unable to produce enough electricity. For
example, the 500,000 barrel per day Hovensa oil refinery in St. Croix produces all of its own
electricity and steam primarily through cogeneration (Corripio, 2005).
Cogeneration is also more environmentally friendly than traditional fossil fuel power
plants. First, CHP is more efficient, reducing total fossil fuel consumption and thereby reducing
emissions to the atmosphere. Second, natural gas (a clean burning fossil fuel) is often used in
cogeneration with steam injection to minimize emissions. For a typical gas turbine topping-cycle
cogeneration plant, typical CO2 emissions reductions are 356 g/kW-hr, typical NOx reductions
are 2.9 g/kW-hr, and typical SO2 reductions are 23.2 g/kW-hr as compared to a traditional fossil
fuel plant (EDUCOGEN, 2001).
Cogeneration is especially important in Europe where it accounts for over 10 % of power
production across the European Union with the potential to reach 30 % of the European Union’s
power production. CHP currently accounts for over 40 % of power production in the
Netherlands, Denmark, and Finland. It is especially important in those three countries because
of “district heating.” Local cogeneration plants produce electricity to serve the area while the
steam is distributed through steam pipes to heat local housing and businesses. District heating is
also used on numerous university campuses and is part of the reason why cogeneration is very
popular among universities (EDUCOGEN, 2001).
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Here in the Unites States, the Department of Energy set a goal of doubling cogeneration
capacity to 92 GW (gigawatts) by 2010. At the end of 2005, there were 2,960 sites with over 82
GW of capacity (6th Annual World CHP Decentralized Energy Conference and Workshop,
2005). While the majority of new sites have been commercial applications, the vast majority of
new capacity has been from extremely large industrial applications. However, cogeneration
faces new challenges in the United States because of natural gas volatility, electricity market
restructuring, and grid vulnerabilities. (6th Annual World CHP Decentralized Energy Conference
and Workshop, 2005).

1.3 Literature Review
Gas turbine analysis including material, energy, and entropy balances as well as detailed
design equations can be found in Bathie (1996). Individual units including compressors,
turbines, and combustion chambers are examined first before proceeding to overall gas turbine
problems. Numerous problems were solved using both ideal gas and real gas models.
Heat recovery steam generator (HRSG) design and operation is the key to the increased
efficiency of cogeneration as compared to traditional power generation. Various works by
Ganapathy (1991, 1993, and 1996) were consulted as well as Karthikeyan et al. (1998). HRSG
modeling and simulation were studied including unfired and fired modes. One very important
concept is the selection of temperature profiles in HRSG, especially the pinch and approach
temperatures.
The next step is the combining of gas turbines and HRSG into a cogeneration system.
Kim et al. (1994) examined the off-design performance of a gas turbine cogeneration facility.
The gas turbine process was modeled using performance maps for compressors and turbines.
HRSG performance is examined by modeling of the heat transfer process. The study focused on
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tracking important operating parameters as the load on the turbine changed. Ahner (1988)
modeled and solved several cases for an industrial cogeneration plant. The heat rate and other
important parameters of the system were examined for various power generation conditions and
process heat requirements.

1.4 Cogeneration at LSU
The LSU campus has two cogeneration systems. The first cogeneration system was
installed in 1993. It consists of a 3.7 MW aeroderivative gas turbine (Allison brand) and an
accompanying HRSG (called Boiler 7). The shaft of the Allison turbine drives a refrigeration
cycle to produce chilled water. The chilled water and steam that are produced are used for
campus needs.
In early 2005, LSU brought on-line a new 20 MW cogeneration facility. The system is
composed of an aeroderivative gas turbine (GE LM-2000) connected to a generator and a HRSG
(called Boiler 8) composed of an evaporator and economizer. The power and steam produced
are used for campus needs. The installed cost of this system was over $20 million.

1.5 Description of Thesis
The first goal of this thesis is to develop educational modules for the National Science
Foundation (NSF) grant entitled “CCLI: Integrating a Cogeneration Facility into Engineering
Education” recently received by the LSU Chemical and Mechanical Engineering Departments.
The NSF grant aims to create and implement educational modules in which students solve
industrial problems with real-time data from the LSU cogeneration system. Sophomores would
be exposed to real-time material and energy balances for process equipment. Juniors would be
exposed to thermodynamics and heat transfer problems. Seniors would be exposed to more
complex problems such as energy management optimization, online monitoring of emissions,
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and process control. This thesis will focus on creating and implementing educational modules
including a comparison of ideal gas versus real gas thermodynamics for a cogeneration
optimization problem, a cogeneration data reconciliation problem, and a system level energy
management optimization problem. These modules will also be submitted for publication in
journals dealing with the fields of chemical and mechanical engineering.
A second goal of this research is to examine more advanced operations management for
the LSU utility system in hopes of improving the overall understanding of all processes. Optimal
seasonal and time of day operating strategies will be compared to current operating strategies to
determine the most efficient and most economical methods of operating the LSU utility system.
This project is heavily reliant upon obtaining excellent physical and thermodynamic
properties for modeling plant data. Significant effort was made in developing a robust physical
properties package for combustion and thermodynamic calculations called Physical Properties
for Combustion Studies or PPCS (2000-2006). This package has been developed by D. Ozyurt,
S. Stafford, J. Punuru, and F. Carl Knopf at LSU. PPCS is based on modifications to Reynolds
(1991). Refrigerant properties for R-134a were added to the package and are based on data and
correlations from DuPont (2005). The physical properties package was written in C language
and assembled as a dynamic link library to allow linking with Microsoft Excel. All physical
properties can be obtained in Excel by using user defined functions.
Chapter 2 of the thesis presents the first module. The problem is a well known
cogeneration optimization problem that utilizes ideal gas and constant heat capacity assumptions
(Valero, 1994). The focus will be on comparing the original solution to a real gas solution based
on PPCS.
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Chapter 3 presents the second module which is a problem of data reconciliation for the
LSU GE Turbine Cogeneration system. Actual plant data and PPCS are used to perform the data
reconciliation.
Chapter 4 presents the third module for solving the energy management optimization
problem at LSU. It incorporates the cogeneration system with other equipment at LSU. The
goal is to compare current operating strategies to optimal operating strategies and to develop
seasonal and time of day operating strategies.
Chapter 5 presents the conclusions that were reached from the three educational modules.
It also presents recommendations to aid in further implementing the goals of the NSF grant.
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CHAPTER 2
CGAM PROBLEM: CONVENTIONAL VS. REAL GAS SOLUTION

2.1 Background
The CGAM problem is an economic optimization of a simple cogeneration system which
involves physical, thermodynamic, and economic models. It assumes ideal gas behavior and
constant heat capacities. This problem was introduced in a special session at the International
Symposium on “Efficiency, Costs, Optimization, and Simulation of Energy Systems (ECOS
’92)” held in Zaragoza, Spain from June 15-18, 1992. The conventional solution to the CGAM
problem was later published in Energy Journal (Valero et al., 1994). The CGAM problem was
later revisited by several of the original authors (and others) using other approaches.
Frangopoulos (1994) focused on a thermoeconomic approach. Tsatsaronis and Pisa (1994),
Alvarado and Gherardelli (1994), and Hua et al. (1997) used exergoeconomic approaches.

2.2 Conventional CGAM Problem
2.2.1 Conventional CGAM Problem Description
The CGAM Problem designs a cogeneration plant which delivers 30 MW (102.3643
MMBTU/hr) of electricity and 14 kg/s (30.865 lb/s) of saturated steam at 20 bar (290.08 psia).
The structure of the cogeneration plant is shown in Figure 2-1. The installation consists of an air
compressor (AC), air preheater (APH), combustion chamber (CC), gas turbine (GT), and HRSG.
The air preheater uses thermal energy from the combustion gas leaving the turbine to heat the air
entering the combustion chamber. The HRSG is composed of an economizer (EC) section where
the feed water is heated and an evaporator (EV) section where the heated water is vaporized into
steam. The reference conditions are defined as T0 = 77°F and P0 = 14.69 psia. The fuel for the
combustion chamber is natural gas with a lower heating value (LHV) = 21,496 BTU/lb.
8

Figure 2-1: CGAM Cogeneration Flow Diagram
The equations that describe the behavior of the system (physical model), the equations of
state used to calculate the thermodynamic properties (thermodynamic model), and the equations
for calculating the capital costs of the components (economic model) are considered. The
decision variables selected for the optimization are the pressure ratio (P2/P1), the isentropic
efficiencies of the air compressor (ηAC) and the gas turbine (ηGT) and the temperatures of the air
at the air preheater exit (T3) and of the combustion gas at the gas turbine inlet (T4). The models
are formulated as a function of these decision variables.
A few assumptions are made to simplify the model: (i) The air and combustion gases
behave as ideal gases with constant specific heats, (ii) The natural gas fuel is assumed to be all
methane (CH4), (iii) All components, except the combustion chamber, are adiabatic. Pressure
losses for the air and gas flows in the combustion chamber, air preheater, and HRSG are given.
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2.2.2 Conventional CGAM Physical Model
The conventional CGAM problem (Valero et al., 1994) presents the following equations
for the physical model. They also can be found in any standard chemical or mechanical
engineering thermodynamics textbook. Mass and energy balances for each component of the
plant include:
Air Compressor (AC)


1
T2 = T1 1 +
 η AC



 P2
 P1






γ a −1
γa


− 1









W& AC = m& a c P ,a (T2 − T1 )
where T1 is the ambient air temperature (77°F); P1 is the ambient air pressure (14.69 psia); T2 is
the air temperature leaving the AC; ηAC is the isentropic efficiency of the AC; γa is the specific
heat ratio of the air (1.4); W& AC is the work of the AC; m& a is the mass flow rate of air; and cP,a is
the heat capacity of air (0.24 BTU/lb-R).
Air Preheater (APH)
m& a c P ,a (T3 − T2 ) = m& g c P , g (T5 − T6 )
P3 = P2 (1 − ∆Pa , APH )
P6 = P5 (1 − ∆Pg , APH )
where m& g is the mass flow rate of combustion gas; c P , g is the heat capacity of the combustion gas
(0.28 BTU/lb-R); T3 is the temperature of the air leaving the APH; T5 is the temperature of the
combustion gas leaving the GT; T6 is the temperature of the combustion gas leaving the APH; P3
is the pressure of the air leaving the APH; ∆Pa,APH is the percentage pressure drop of the air side
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in the APH (5 %); P5 is the pressure of the combustion gas leaving the GT; P6 is the pressure of
the combustion gas leaving the APH; and ∆Pg,APH is the percentage pressure drop of the
combustion gas side of the APH (3 %).

Combustion Chamber (CC)
m& g = m& a + m& f

m& a h3 + m& f LHV = m& g h4 + Q& l ,CC
h3 = cP,a(T3 – T0)
h4 = cP,g(T4 – T0)

Q& l ,CC = m& f LHV (1 − η CC )
P4 = P3 (1 − ∆PCC )
where m& f is the mass flow rate of fuel; T4 is the temperature of the combustion gas leaving the
CC; Q& l ,CC is the heat loss in the CC; ηCC is the combustion thermal efficiency (0.98); P4 is the
pressure leaving the CC; and ∆PCC is the percentage pressure drop in the CC (5 %).

Gas Turbine (GT)
1−γ g


γg


P


T5 = T4 1 − η GT 1 −  4 
P

  5 





 

W& GT = m& g c P , g (T4 − T5 )
W& net = W& GT − W& AC
where ηGT is the isentropic efficiency of the GT; γg is the specific heat ratio of the combustion
gas (1.33); W& GT is the work of the GT; and W& net is the net work of the system (102.3643
MMBTU/hr).
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Heat Recovery Steam Generator (HRSG)
T8 P = T9 − ∆T A
∆TP = T7P – T9 > 0
m& g c P , g (T6 − T7 P ) = m& s (h9 − h8 P )
T7 = T6 − m& s (h9 − h8 ) m& g c P , g
P0 = P6 (1 − ∆PHRSG )
where T8P is the water temperature entering the EV; T9 is the saturated steam temperature
(414.3°F); ∆TA is the minimum approach temperature difference (27°F); m& s is the steam flow
rate (30.865 lb/s); (h9 – h8P) is the EV water/steam side enthalpy difference (840.93 BTU/lb);
∆TP is the minimum temperature difference at the pinch; T7P is the combustion gas temperature
leaving the EV; (h9 – h8) is the total HRSG water/steam side enthalpy difference (1154.9
BTU/lb); and ∆PHRSG is the percentage pressure drop of the combustion gas in the HRSG (5 %).

2.2.3 Conventional CGAM Thermodynamic Model
The conventional CGAM problem (Valero et al., 1994) presents the following
thermodynamic model which is based on standard assumptions for many engineering problems.

Reference Environment
Air (relative humidity = 60 %) with the mole fractions xO2 = 0.2059, xN2 = 0.7748, xCO2 =
0.0003, and xH2O = 0.019 at T0 = 77°F and P0 = 14.69 psia.

Combustion Reaction (molar basis)
The fuel is pure methane. Complete combustion is assumed in the combustion chamber
according to the following reaction with methane as the limiting reactant
CH4 + 2O2 → CO2 + 2H2O
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The nitrogen and carbon dioxide in the incoming air are inert. The molecular weights of
methane and air are MCH4 = 16.043 g/mol and Ma = 28.648 g/mol.

2.2.4 Conventional CGAM Economic Model
The conventional CGAM problem (Valero et al., 1994) presents the following economic
model that is based on standard engineering costing equations.

Equipment Cost Rate
When evaluating the costs of a plant, it is necessary to consider the annual cost of fuel
and the annual cost associated with owning and operating each plant component. The
expressions for obtaining the purchase costs of the components (Z) are presented in Tables 2-1
and 2-2. Based on these costs, the general equation for the cost rate (Żi in $/s) associated with
capital investment and the maintenance costs for the ith component is
Z& i = Z i CRFϕ /(N * 3600)
where Zi is the purchase cost of the ith component ($), CRF is the annual capital recovery factor
(CRF = 18.2 %), N represents the number of hours of plant operation per year (N = 8000 hr), and
φ is the maintenance factor (φ = 1.06).

Fuel Cost Rate
The cost rate associated with fuel is obtained from

C& f = c f m& f LHV
where the fuel cost per energy unit (on an LHV basis) is cf = 0.00422 $/BTU.

Total Cost Rate
The total cost of operation for the installation is obtained from
5

C& T = c f m& f LHV + ∑ Z& i
i =1
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Table 2-1: Equations to Calculate Equipment Purchase Costs

Table 2-2: Constants Used in Equipment Purchase Cost Equations
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where ĊT is the total cost rate of fuel and equipment ($/s) and Żi is the cost rate ($/s) of the ith
equipment item (i = AC, APH, CC, GT, and HRSG).

2.2.5 Conventional CGAM Objective Function
The conventional CGAM problem (Valero et al., 1994) presents the following objective
function. The physical and cost models of the CGAM system have five degrees of freedom
represented by the decision variables chosen (P2/P1, ηAC, ηGT, T3, and T4). The optimization
problem consists of minimizing the total operating costs of the cogeneration plant assuming a
fixed rate of electricity and steam production. Thus, the optimization problem can be expressed
as the minimization of the objective function F, which is equal to CT, i.e. of

F = c f m& f LHV + Z& AC + Z& APH + Z& CC + Z& GT + Z& HRSG
subject to the constraints imposed by the physical, thermodynamic, and cost models of the
installation. The conventional CGAM solution will be presented later.

2.2.6 Conventional CGAM Educational Module
An educational module was created for the conventional CGAM problem and is shown in
Appendix A. The module was solved by senior level chemical engineering students as a
homework project in the senior-level Process Economics and Optimization course. The students
also completed an evaluation of the module with the results in Appendix A. For example, nearly
all students agreed that this problem promoted understanding of cogeneration and optimization.

2.3 Real Gas CGAM Problem
2.3.1 Real Gas CGAM Problem Background
The PPCS package is used to reexamine the CGAM problem. Since the PPCS package is
based on real gas behavior, the ideal gas and constant heat capacity assumptions are removed.
The real gas CGAM Problem was first solved by Bustami (2001).
15

2.3.2 Real Gas CGAM Physical Model
The energy balances for the air compressor and gas turbine now involve enthalpy and
entropy calculations. The other energy balances all involve enthalpy calculations. The energy
balance solution procedure is shown from Bustami (2001). The mass balances, pressure drop
relations, and approach and pinch temperature relations remain the same as the conventional
CGAM problem.

Air Compressor (AC)
Find h1 and s1 from T1. Set s1 = s2,isen.
Find T2,isen from s2,isen.
Find h2,isen from T2,isen. Find h2 from h2 = h1 +

h2isen − h1

η AC

.

Find T2 from h2.
W& AC = m& a (h2 − h1 )

where s2,isen is the isentropic entropy leaving the AC, T2,isen is the isentropic temperature leaving
the AC, and h2,isen is the isentropic enthalpy leaving the AC.

Combustion Chamber (CC)
Find h3 and h4 from T3 and T4.

m& a h3 + m& f LHV = m& g h4 + Q& l ,CC
Q& l ,CC = m& f LHV (1 − η CC )
Air Preheater (APH)
m& a (h3 − h2 ) = m& g (h5 − h6 ) .

Gas Turbine (GT)
Find h4 and s4 from T4. Set s4 = s5,isen.
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Find T5,isen from s5,isen.
Find h5,isen from T5,isen. Find h5 from h5 = h4 − η GT (h4 − h5,isen ) .
Find T5 from h5.

W& GT = m& g (h4 − h5 )
W& net = W& GT − W& AC

where s5,isen is the isentropic entropy leaving the GT, T5,isen is the isentropic temperature leaving
the GT, and h5,isen is the isentropic enthalpy leaving the GT.

Heat Recovery Steam Generator (HRSG)
Find h7P, h8, h8P, and h9 from T7P, T8, T8P, and T9.
Find h6 from m& g (h6 − h7 P ) = m& s (h9 − h8 P ) .
Find T6 from h6.
Find h7 from m& s (h8 P − h8 ) = m& g (h7 P − h7 ) .
Find T7 from h7.

2.3.3 Real Gas CGAM Thermodynamic and Economic Model
The PPCS package was used to solve all thermodynamic and combustion calculations.
The reference environment and combustion reaction remain the same as the conventional CGAM
problem. The economic model remains the same as the conventional CGAM problem.

2.3.4 Real Gas CGAM Objective Function and Results
The objective function also remained the same as the conventional CGAM problem.
Table 2-3 shows the constraints that were placed on the decision variables by Bustami
(2001) to aid the solution process. Tables 2-4, 2-5, 2-6, and 2-7 present the optimum solutions
for both problems, obtained directly from Valero et al. (1994) and Bustami (2001). One
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Table 2-3: Constraints on
Decision Variables

Table 2-4: Optimum Values of
Decision Variables

Table 2-5: Selected Thermodynamic Variables

potential problem is that the physical model only requires the minimum pinch temperature
difference to be positive. The resulting pinch temperature is only 2.95 °F, while a more realistic
pinch temperature would be 10-30 °F (Ganapathy, 1991).
As shown in Figure 2-7, the total cost rate for the real gas CGAM problem was
significantly lower than the total cost rate for the conventional CGAM problem. The difference
was over $0.012/s ($350,000 per year). This was accomplished primarily by a lower fuel cost
rate and lower equipment costs for the air compressor and turbine.
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Table 2-6: Optimal Temperatures and Pressures

Table 2-7: Optimal Cost Values

The PPCS package is especially important for modeling the air compressor and gas
turbine because the ideal gas energy balances for those two units did a poor job of modeling the
actual process. Table 2-8 summarizes the air compressor and turbine performance for both cases
and shows the large differences in performance (especially exit temperature). These numbers
were directly obtained from Valero et al. (1994) and Bustami (2001).
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Table 2-8: Air Compressor and Turbine

2.4 Modified Real Gas CGAM Problem
2.4.1 Modified Real Gas CGAM Problem Background
Remember that the goal of this chapter is to develop a module for students to compare the
conventional CGAM problem to the real gas solution. The real gas CGAM problem has been
solved using the PPCS package by Bustami (2001). However, a quicker and more student
friendly approach to solving the module is desired.
To make this educational module more student friendly, the PPCS functions were fitted
to three term polynomials by polynomial regression. Enthalpy and entropy functions were
regressed for air, combustion products, water, and steam over fixed temperature ranges (the
functions are nearly independent of pressure). The polynomial functions matched excellently
with PPCS functions as all regressions resulted in R2 = 1.
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Table 2-9 shows the results of the polynomial regressions for the enthalpy functions, and
Table 2-10 shows the results of the polynomial regression for the entropy functions. The
temperature must be in Rankine for both functions. Note that the enthalpy functions already
have the reference enthalpy subtracted out. For example, h1air(77°F) = -128.35478 +
0.238136*(77+459.67) + 1.925e-6*(77+459.67)2 = 0.
Table 2-9: Enthalpy Coefficients
h = a + bT + cT2 (BTU/lb)

Table 2-10: Entropy Coefficients
s = a + bT + cT2 (BTU/lb-R)

The functions are valid only for the temperature range given. The combustion products
functions are only valid for methane fuel and for a range of excess air ratio from 3.5 to 4. Excess
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air ratio is defined as moles air / stoichiometric moles air. The optimal value in the problem for
the excess air ratio is 3.77.
Next, the polynomial functions were used to solve the real gas CGAM problem that was
solved by Bustami in Section 2.3. The polynomial functions and the PPCS package provided an
identical solution for the real gas CGAM problem.

2.4.2 Modified Real Gas CGAM Educational Module
Students will first solve this module using the polynomial functions. This will condense
the problem into a more manageable form for students. Next, students will solve the problem
using the full PPCS package. Students will become familiar with the complexity of the full
PPCS package and solve the problem without any of the restrictions that were placed on the
polynomial functions. This modified real gas CGAM educational module provides an excellent
learning tool for students by solving a straightforward industrial model with robust
thermodynamic physical properties. It will be tested in Fall 2006 in the senior-level chemical
engineering course Process Economics and Optimization.
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CHAPTER 3
LSU COGENERATION SYSTEM DATA RECONCILIATION

3.1 Background and Literature Review
This educational module aims to teach data reconciliation fundamentals to students using
real data from the LSU GE turbine cogeneration system. Students will appreciate that all plant
data are subject to errors. The data must be reconciled before further use and gross errors, if
present, must be removed.
Romagnoli and Sanchez (2000) discuss data redundancy, classification of variables,
decomposition, and measurement variances for data processing and reconciliation. They also
examine methods for data reconciliation, gross error detection, and parameter estimation. Pike
(2005) first focuses on industrial applications of on-line optimization. Next, the key elements of
on-line optimization are described in detail including data reconciliation, gross error detection,
parameter estimation, economic models, plant models, and optimization algorithms. Other
concepts such as observability, redundancy, execution frequency, and steady-state detection are
discussed.
Ozyurt and Pike (2004) focus on simultaneous data reconciliation and gross error
detection for chemical processes. Numerous different objective functions are described and
analyzed in detail, and data reconciliation and gross error detection are successfully performed
for several industrial problems. Lee et al. (1998) propose a methodology for on-line data
reconciliation and optimization to minimize the energy cost of a utility plant while satisfying
changing demands. The problem is based on open form representation and hierarchical
decomposition where a system is decomposed into a set of subsystems.

23

The module developed here will use simultaneous data reconciliation and parameter
estimation to reconcile the plant data. There is one parameter in the cogeneration model (the
heat loss in the combustion chamber) which must be considered as a variable along with all of
the measured process variables. A non-weighted least squares objective function was selected
because it would be straightforward for students while still producing accurate results. By
assuming normal probability distribution functions for measured variables, gross errors will only
be present if the standard error of any variable is greater than 2.16 (Ozyurt and Pike, 2004). The
plant material and energy balances will serve as constraints for the data reconciliation.

3.2 LSU GE Turbine Cogeneration System
Information about the LSU GE turbine cogeneration system was gathered from many
sources including the LSU Cogeneration Basic Operator’s Course (2004), Louisiana State
University Co-Gen Project Field Performance Test Report (2005), numerous conversations with
the cogeneration maintenance engineers, operators, and supervisors at LSU (2005-2006), and
collection of actual plant data and operating conditions. Figure 3-1 shows the LSU GE Turbine
Cogeneration system. There are several steps in the process:
•

Ambient air (0) is cooled in the Air Cooler using chilled water as the cold fluid.

•

The cooled air (1) is then sent to the Compressor to increase its pressure, requiring a
significant amount of work.

•

Natural gas is burned with the compressed air (2) in the Combustion Chamber.

•

The combustion products (3) are sent through the Compressor Turbine. The shaft of this
turbine is connected to the Compressor, meaning all work done by the Compressor Turbine is
used to power the Compressor.
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Figure 3-1: LSU Cogeneration System Flow Diagram
•

The combustion products exiting the Compressor Turbine (4) then expand to nearly
atmospheric pressure in the Power Turbine. The shaft of this turbine is connected to a
generator which produces electricity.

•

The combustion products exiting the Power Turbine (5) are now sent through two heat
exchangers to recover heat before being vented to the atmosphere. The first heat exchanger
is the Evaporator. The combustion products (5) transfer heat to vaporize heated water (9)
into steam (10). Some of the heated water from the economizer is not vaporized in the
Evaporator and exits as blowdown at the heated water conditions.

•

The second heat exchanger is the Economizer. The combustion products leaving the
Evaporator (6) heat the feed water (8) before the water is sent to the Evaporator. The
combustion gas exits the Economizer as stack gas (7).
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3.3 Data Reconciliation Problem
3.3.1 Introduction
This problem makes a few assumptions to simplify the calculation procedure: (a) steady
state, (b) the air is completely dry (no humidity), (c) adiabatic heat exchangers with no pressure
drops, (d) complete combustion (reaction goes to completion) in Combustion Chamber with
natural gas as limiting reactant, (e) some heat loss in the Combustion Chamber (Qloss), and (g) no
water injections in combustion chamber.
The PPCS was first used to solve this problem. To make the problem more student
friendly, the PPCS functions were fitted to three term polynomials using polynomial regression.
Enthalpy and entropy functions were regressed for air, combustion products, water, and steam
over fixed temperature ranges (the functions are nearly independent of pressure). The
polynomial functions matched excellently with the PPCS as all regressions resulted in R2 = 1.
The polynomial functions and the PPCS provided identical solutions for the data reconciliation
problem.
Table 3-1 shows the results of the polynomial regression for the enthalpy functions.
Table 3-2 shows the results of the polynomial regression for the entropy functions. Once again,
the temperature must be in Rankine for these functions. The reference enthalpy has been
subtracted out of the enthalpy functions. For example, h1air(77°F) = -128.34851 +
0.238122*(77+459.67) + 1.9309e-6*(77+459.67)2 = 0. These functions are valid only for the
temperature range given. The combustion products functions are only valid for the natural gas
fuel given in Table 3-3 and for a range of excess air ratios from 3.5 to 4. Excess air ratio is
defined as moles air / stoichiometric moles air. The excess air ratio for this problem was 3.67.
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Table 3-1: Enthalpy Coefficients
h = a + bT + cT2 (BTU/lb)

Table 3-2: Entropy Coefficients
S = a + bT + cT2 (BTU/lb-R)

3.3.2 Problem Assignment
Part 1
•

Write out the mass balances for the Combustion Chamber and Evaporator.

•

Write out the energy balances for each process unit. Include the formulas to solve for the
isentropic efficiencies of the compressor, compressor turbine, and power turbine as well
as the thermal efficiency of the combustion chamber.
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Table 3-3: Molar Air and Natural
Gas Compositions

•

Table 3-4: Molecular Weights

Perform the data reconciliation with the measured variables and standard deviations
provided in Table 3-5. Use the mass and energy balances as constraints.

Part 2
•

Calculate the mole and mass balance for the individual species in the combustion
reaction. The general combustion reaction is CxHy + (x + y/4) O2 → x CO2 + y/2 H2O.

Part 3
•

Find the isentropic efficiencies for the compressor (ηcomp), compressor turbine (ηcompt),
and power turbine (ηpowert). Find the combustion thermal efficiency (ηcc). Determine the
amount of heat transferred in the air cooler (Qcooler), evaporator (Qevap), and economizer
(Qeco). Find the amount of work used by the compressor (Wcomp). Calculate the overall
heat transfer coefficient (U) for both the Evaporator and Economizer given that Aevap =
56248 ft2 and Aeco = 25565 ft2. Find the approach and pinch temperatures. Finally,
determine the heat rate (HR) and overall efficiency for the process (ηprocess).

28

Table 3-5: Measured Variables and Standard Deviations

3.3.3 Mass and Energy Balances for Cogeneration
The mass and energy balances for the cogeneration system are listed below.
Combustion Chamber MB:

Air + Natural Gas = Products

Evaporator MB:

Feed Water = Steam + Blowdown

Air Cooler EB:

Air*(h0 – h1) = Chilled Water*(hb – ha) = Qcooler

Compressor/Compressor Turbine EB:

Air*(h2 - h1) = Products*(h3 – h4) = Wcomp
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Combustion Chamber EB:

Air*h2 + Natural Gas*LHV = Products*h3 + Qloss

Power Turbine EB:

Products*(h4 – h5) = Power

Evaporator EB:

Products*(h5 – h6) = Steam*(h10 – h9) = Qevap

Economizer EB:

Products*(h6 – h7) = Feed Water*(h9 – h8) = Qeco

Compressor Isentropic Efficiency:

Set s2isen = s1. Find T2isen from s2isen.
Find h2isen from T2isen. η comp =

h2isen − h1
h2 − h1

Compressor Turbine Isentropic Efficiency: Set s4isen = s3. Find T4isen from s4isen.
Find h4isen from T4isen. η compt =
Power Turbine Isentropic Efficiency:

h3 − h4
h3 − h4isen

Set s5isen = s4. Find T5isen from s5isen.
Find h5isen from T5isen. η powert =

Combustion Chamber Thermal Efficiency: η cc = 1 −

h4 − h5
h4 − h5isen

Qloss
NaturalGas * LHV

3.3.4 Data Reconciliation Solution
Table 3-6 shows the results of the data reconciliation using Microsoft Excel Solver. The
objective function for each variable is ((Measured – Reconciled) / Standard Deviation)2. Data
reconciliation minimized the sum of these individual objective functions while satisfying the
mass and energy balances. No gross errors (individual objective function greater than 2.16) were
detected.

3.3.5 Combustion Mass and Mole Balance
Table 3-7 shows the results of the combustion mass and mole balances. The combustion
mass balance did not close perfectly but was within 0.06 %. This is due to the slight inaccuracies
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Table 3-6: Results of Data Reconciliation

in the molecular weights used for converted the molar flows to mass flows.

3.3.6 Key Parameters
Table 3-8 shows the results of the key parameters calculations from assignment part 3.
The two most important cogeneration parameters are the heat rate (9756.4 BTU/kW-hr) and the
overall efficiency (80 %).
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Table 3-7: Combustion Mass and Mole Balance

3.4 Data Reconciliation Educational Module
Students will first solve this module using the polynomial functions. This will condense
the problem into a more manageable form for students. Next, students will solve the problem
using the full PPCS package without any of the restrictions that were placed on the polynomial
functions. This educational module provides an excellent learning tool for students by solving a
basic data reconciliation problem. Gross errors are not a concern for this problem. This problem
has already been solved using the polynomial functions by senior level students in the chemical
engineering course Process Economics and Optimization. The students completed an evaluation
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Table 3-8: Key Parameters, Heat Transfer, and Work

of the module with the results in Appendix B. For example, nearly all students would
recommend this problem to others interested in data reconciliation. This educational module can
also be used as part of a plant on-line optimization.
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CHAPTER 4
LSU ENERGY MANAGEMENT OPTIMIZATION

4.1 Background
This module aims to solve an energy management optimization problem for the LSU
utility system. Figure 4-1 shows the layers of control and operation for the LSU utility system
which will play a key role in this module. The first layer is the computer control system that

Figure 4-1: Layers of Control and Operation
monitors thousands of data points several times per second. The second layer is the supervisory
level which consists of the actions of operators and supervisors. It is on the time scale of several
minutes up to an hour. The third layer is time of day operations which consists of an early
morning, daytime, and evening operating period each day. The final layer is a seasonal operating
strategy. This module will focus on further developing the two outer layers of this diagram.
First, a program will be created to find the most economical method of operating the LSU
utility system for any given set of operating conditions. The module will then be used to
determine both time of day and seasonal operating strategies for the LSU utility system. This
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study focuses on minimizing operating costs which include the costs of purchasing natural gas
and electricity. Maintenance, personnel, and capital costs are not included in this study.

4.2 Literature Review
Numerous sources are available to gain more knowledge about optimization of
cogeneration and utility systems. Some focus on advanced control techniques to improve a
combined-cycle cogeneration system (Kaya and Keyes, 1992). However, this study focuses on a
time frame of seconds, which is not appropriate for the given problem. Other sources focused on
advanced modeling algorithms to optimize performance (Manolas et al., 1997, Wilkendorf et al.,
1998). Wilkendorf et al. created an algorithm to minimize the annual capital and operating cost
for a utility system. However, this study was concerned with synthesis of optimal utility systems
and was only applicable for constant energy demands throughout the year. Manolas et al.
created a genetic algorithm to maximize power output of a combined-cycle cogeneration system.
However, this method was very complex and required significant computational effort.
Two studies of the cogeneration facility and utility system at Texas A&M University
were also reviewed (Athar et al., 1993, Deng et al., 2003). Deng et al. analyzed the effects of
several potential upgrades to the utility system. The effects of a turbulent utility market were
studied for each alternative. Athar et al. developed a program to minimize operating costs for the
entire system by modeling the performance of each piece of equipment. Current pricing
information is used in the optimization.
The next three articles model equipment performance along with the use of current
demands and equipment restrictions in a manner similar to Athar et al. They also incorporate
methods of scheduling and planning. Ito and Yokoyama (1995) created a program to use current
economics to advise industrial cogeneration operators in rational operation of the system. The
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model predicts seasonal operating strategies for the system. Lal and Ma (1998) used multi-time
interval scheduling to minimize operations costs for a complex cogeneration and utility system.
Varying loads and prices are used to determine optimal operation for each time interval. Iyer
and Grossman (1997) used multi-period planning to optimize selection and operation of
numerous units in a utility system. Optimal operation was selected for each period based on
varying demands for utilities. These three articles will be used to develop a similar method for
modeling and optimization of the LSU utility system.

4.3 Natural Gas and Electricity Pricing
LSU buys its natural gas from the Pontchartrain Natural Gas Pipeline. The purchased
cost for natural gas is directly tied to the New York Mercantile Exchange (NYMEX) Henry Hub
price of natural gas. The price that LSU pays is 1.07*(NYMEX + 0.18) in $/MMBTU. The
NYMEX Henry Hub price fluctuates greatly and is typically highest during the winter (when
demand is highest) or during supply shortages (such as after hurricanes). In the past year, the
price has fluctuated from $6 to $15 per MMBTU. At full capacity, the GE turbine typically
consumes about 220 MMBTU per hour, resulting in a typical natural gas bill between $1300 and
$3300 per hour.
LSU also can buy electricity from Entergy. First, it is important to note that there is no
peak and off-peak pricing: the rate per kW-hr is constant throughout each month. The electricity
price is composed of two parts. The first is the base rate. The electricity contract gives the base
rate as $0.01472 per kW-hr. This rate is subject to Louisiana Public Service Commission
ordered rate decreases and adjustments and is currently $0.0111 per kW-hr. The second part of
the electricity price is the fuel adjustment. It changes monthly with Entergy’s cost of providing
electricity. Entergy provides electricity primarily through natural gas power plants but also from
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coal, nuclear, and hydroelectric power plants as well as purchased electricity from other power
providers. The fuel adjustment depends upon all of these factors. The fuel adjustment has
ranged from about $0.03 to $0.08 per kW-hr over the past year and is clearly the most significant
part of the electricity price. The total LSU electricity cost can range from $400 to $900 per hour
for 10 MW of electricity.

4.4 LSU Energy System
The first part of the LSU energy system is the cogeneration system described in Chapter
3. The GE turbine is capable of producing 20 MW of electricity and the HRSG (Boiler 8) is
capable of producing 88,000 lb/hr of steam (all campus steam is typically produced at 150 psig).
Boiler 8 has supplemental firing capabilities which can add another 62,000 lb/hr of steam.
Second is a smaller cogeneration system. This system is composed of an Allison gas
turbine rated at 5000 hp (3728 kW). The shaft of this turbine powers a chiller that can produce
up to 6400 tons of chilled water. A HRSG (called Boiler 7) recovers heat leaving the gas turbine
and can produce about 25,000 lb/hr of steam. Boiler 7 is capable of supplemental firing that can
add another 75,000 lb/hr of steam.
Third are two stand alone boilers. Boiler 4 is a forced draft natural gas boiler capable of
producing 100,000 lb/hr of steam. Boiler 6 is very inefficient and is only used for an emergency
situation. Boiler 6 will not be involved in this study.
Next are 3 York centrifugal steam-driven chillers (Chillers 8, 9, and 10). Each chiller is
rated at 2060 tons with R-134a as the refrigerant. Each chiller operates by using condensing
steam to drive a turbine that powers a refrigeration cycle. Note that the steam from Boiler 4 or
Boiler 8 must be used to power these chillers. The steam from Boiler 7 cannot power these
chillers.
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Finally, there are 6 centrifugal electric-driven chillers (Chillers 1-5 and 7). All chillers
are rated below 2000 tons with a total combined capacity of 9400 tons. These chillers can be
powered by generated or purchased electricity.
To summarize, produced electricity and purchased electricity are used to supply the
campus electricity demand and to power the electric-driven chillers. Steam produced by Boiler
4, 7, and 8 can be used for the campus steam demand and steam produced by Boiler 4 and 8 can
power the steam-driven chillers. Chilled water is produced by the steam-driven chillers, electricdriven chillers, and the Allison chiller, and chilled water is used for the campus chilled water
demand and the cogeneration air cooler.
Figure 4-2 shows the overall LSU utility system. Note that the condensate return and
chilled water return loops are not shown on the diagram. Also note that cooling water is used in
the refrigeration cycles for Chillers 8, 9, and 10 and the Allison Chiller, but is not shown on the
diagram. Figure 4-3 gives a summary of the production and uses of electricity, steam, and
chilled water.

Figure 4-2: LSU Utility System
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Figure 4-3: Utility Production and Uses

4.5 General Method for Finding Optimal Operating Strategy
The first step in developing a general method to find the optimal operating strategy was
to learn as much as possible about each piece of equipment. First, the capacity and typical use of
each piece of equipment was studied. Table 4-1 shows the capacity of each piece of equipment.
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Next, an extensive study was done to determine the operating performance (closely
related to efficiency) of each piece of equipment and what variables affected this performance.
Data was collected over the past year from the LSU utility control room for each piece of
equipment (shown in Appendix C). Data used to measure the performance (and efficiency) of
each piece of equipment is shown in Appendix C. Performance was nearly constant for electricdriven chillers, steam-driven chillers, Boiler 4, and supplemental firing of Boiler 8 and Boiler 7.
The GE turbine cogeneration system performance varies as a function of the natural gas used.
The Allison turbine cogeneration system performance varies as a function of both ambient air
temperature and the amount of natural gas used. Note that the GE turbine air cooler keeps the
inlet air temperature nearly constant and thus the ambient air temperature does not affect
performance of the GE turbine cogeneration system. The Allison cogeneration system does not
have an air cooler and the ambient air temperature greatly affects performance.
Next, a Microsoft Excel mixed integer nonlinear programming problem was developed to
determine the optimal operating strategy. Each piece of equipment is treated as a binary variable
to determine whether it should be on or off. Equipment which is currently unavailable (due to
maintenance or other issues) can be forced into the off position in the program. Inputs for the
program include the natural gas price, fuel adjustment, campus electricity demand, campus steam
demand, campus chilled water demand, and ambient air temperature. After the variables are
input, Solver minimizes the sum of the natural gas cost and purchased electricity cost while
satisfying three main constraints as well as several other constraints. The three main constraints
are 1) total electricity produced and purchased equals total electricity consumed, 2) total steam
produced equals total steam consumed, and 3) total chilled water produced equals total chilled
water consumed. Other constraints include that all equipment which is turned on must operate
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between 50% and 100% of capacity. The 50% of capacity minimum was selected as a realistic
minimum load for industrial equipment. The Excel optimal operating strategy program is shown
in Appendix C.

4.6 Seasonal LSU Campus Demands
The first step in determining an operating strategy for the cogeneration and utility system
is to determine the campus demands for electricity, steam, and chilled water. An initial study of
the LSU utility system was done by ESI Engineering Services (1997) to estimate these demands.
Based on this research, the energy demands were divided into three seasons. The winter season
lasts from December to February, the spring/fall season consists of March, April, and November,
and the summer season lasts from May to October. Figure 4-4 gives the average monthly
temperatures in Baton Rouge, LA (from the Weather Channel).

Figure 4-4: Average Temperatures in Baton Rouge, LA
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The energy demands were also divided into a weekday period and a weekend period
within each season. This is because of the significant differences in energy usage between
weekdays and weekends. The end result is then a total of six possible groups: 1) winter
weekday, 2) winter weekend, 3) spring/fall weekday, 4) spring/fall weekend, 5) summer
weekday, and 6) summer weekend.

Electricity Demand
Figure 4-5 gives the campus electric demand plotted versus time of day. Here the
campus electric demand does not include electricity used to power electric-driven chillers. This
gives the true campus electric demand independent of any energy used in utility equipment
operation. Here we combined the winter season and the spring/fall season as demands are
similar, resulting in four total groups for electric demand: 1) summer weekday, 2) summer
weekend, 3) winter, spring/fall weekday, and 4) winter, spring/fall weekend.

Winter, Spring, Fall Weekday

Winter, Spring, Fall Weekend

Summer Weekday

Summer Weekend

30000
25000

kW

20000
15000
10000
5000
0
1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20 21 22 23 24
Time of Day
Figure 4-5: Campus Electricity Demand
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Steam Demand
Figure 4-6 gives the campus steam demand plotted versus time of day. This steam
demand does not include any steam used by the steam-driven chillers. This gives the true
campus steam demand, independent of steam used in utility equipment operation. For the steam
demand, there were no significant differences between weekdays and weekends. Once again
seasons were grouped because of similar demands. The two resulting groups were 1) winter and
2) spring/fall and summer.

Winter

Spring, Summer, Fall
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Time of Day
Figure 4-6: Campus Steam Demand

Chilled Water Demand
Figure 4-7 gives the campus chilled water demand plotted versus time of day. Here the
campus chilled water demand does not include any chilled water used in the air cooler of the GE
turbine cogeneration system. This once again gives true campus chilled water demand,
independent of any chilled water used in utility equipment operation. For chilled water, the
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winter season and the spring/fall season were combined because of similar demands, resulting in
four total groups for chilled water demand: 1) summer weekday, 2) summer weekend, 3) winter,
spring/fall weekday, and 4) winter, spring/fall weekend.
Summer Weekday

Summer Weekend
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Winter, Spring, Fall Weekend
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Figure 4-7: Campus Chilled Water Demand

Time of Day
From observing the demand curves, it is evident that each day can be divided into three
sections: daytime period from 8 AM to 5 PM (8 to 17), evening period from 5 PM to midnight
(17 to 24), and early morning period from midnight to 8 AM (24 to 8). Combining the three
daily sections with the six possible groups for overall energy usage mentioned earlier results in
18 possible overall operating periods.

4.7 Seasonal Operating Strategies
As described above, 18 operating periods were created based on seasonal and daily
campus demands for electricity, steam, and chilled water. The campus demands and ambient air
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temperature for each of the 18 operating periods are shown in Table 4-2. The average NYMEX
natural gas price and fuel adjustment for each season are shown in Table 4-3. The pricing
information was obtained from historical pricing information from the past two years. These
demands and pricing information are used in the program to find the 18 optimal operating
strategies.
Table 4-2: Campus Demands for 18 Operating Periods

Table 4-3: Seasonal NYMEX Price and Fuel Adjustment

Winter
The results for the winter operating period are shown in Table 4-4. The program
recommends running the Allison turbine cogeneration system near full capacity throughout the
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Table 4-4: Winter Operating Period Results

winter. This aids in meeting the large winter campus steam demand and also produces the
majority of the needed chilled water simultaneously. During both daytime periods and on
weekday evenings, the program recommends running the GE turbine cogeneration system near
full capacity. The GE turbine cogeneration system produces nearly all the needed electricity as
well as steam above the campus steam demand that can be sent to the steam-driven chillers. On
both early morning periods and on weekend evenings (periods of lower electricity and steam
demand), the program recommends shutting down the GE turbine cogeneration system. For
these periods, all of the electricity should be purchased, and Boiler 4 should be used to meet the
rest of the steam demand. Throughout the winter, the electric-driven chillers are used only to
supplement the Allison chiller and steam-driven chillers.
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Fall/Spring
The results for the fall/spring operating period are shown in Table 4-5. The program
Table 4-5: Fall/Spring Operating Period Results

recommends running the GE turbine cogeneration system for all of the periods to provide the
majority of needed electricity. Any steam beyond the campus demand is sent to the steam-driven
chillers to produce chilled water. The Allison turbine cogeneration system and Boiler 4 are not
recommended for use. For weekday daytime and weekday evenings, the GE turbine
cogeneration system should be run at capacity. For all weekend periods and the early morning
weekday, the GE turbine cogeneration system should be run below capacity. Throughout the
fall/spring period, the electric-driven chillers are used to supplement the steam-driven chillers.
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Summer
The results for the summer operating period are shown in Table 4-6. The program
recommends running the GE turbine cogeneration system for all of the periods to produce the
Table 4-6: Summer Operating Period Results

majority of the needed electricity. Any steam beyond the campus demand is sent to the steamdriven chillers to produce chilled water. The Allison turbine cogeneration system and Boiler 4
are not recommended for use. For weekday daytime and weekday evenings, the GE turbine
cogeneration system should be run at capacity. For all weekend periods and the early morning
weekday, the GE turbine cogeneration system should be run below capacity. Throughout the
summer period, the electric-driven chillers will produce the majority of the chilled water.
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4.8 Comparison with Daily Operations Data
The next step is to compare the optimal daily operating strategies with actual operating
strategies. This involves examining current campus electricity, steam, and chilled water
demands along with current natural gas and electricity prices to determine optimal operations.
The campus electricity, steam, and chilled water demands are easily obtained from the LSU
campus control room. The NYMEX natural gas price is available daily.
However, the fuel adjustment portion of the electricity price presents a difficulty. It
changes monthly and is not known until the monthly electric bill is received the next month. For
example, the fuel adjustment charged for January would not be known until the January electric
bill is received some time in February. This presents significant difficulties in economic
planning. Thus, it was necessary to develop a method to predict the fuel adjustment cost.
The NYMEX natural gas price is the primary factor in determining the fuel adjustment,
so it will be used to predict the fuel adjustment. Dr. David Dismukes of the LSU Center for
Energy Studies (2006) was consulted. He stated that the fuel adjustment is based on the cost of
producing electricity from two months ago. Figure 4-8 shows the average monthly NYMEX
natural gas price and the fuel adjustment corresponding to that month’s fuel costs. Figure 4-9
shows a linear fit between the average monthly NYMEX natural gas price and the fuel
adjustment corresponding to that month’s fuel costs. With this linear fit, the current fuel
adjustment can be closely estimated from previous natural gas prices.
Several data sets from the past year were compared with the optimal results from the
program. Figure 4-7 gives the results of these comparisons. Note that the costs based on
predicted fuel adjustment are reported first in the table, and the costs based on actual fuel
adjustment are reported later in the table. The predicted and actual savings are pretty close for
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Figure 4-9: Linear Fit
the data sets, showing that the method developed to predict the fuel adjustment was successful.
The program shows that operational savings can be achieved for each data set with an average
savings above $50 per hour. Even a modest savings such as this could result in operational cost
savings of over $500,000 per year.
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Table 4-7: Actual and Optimal Operations for Collected Data

Next, a comprehensive study of operations was done for a two-day period (Friday
3/10/06 and Saturday 3/11/06). Several data sets were collected for each day and compared to
the optimal operations strategy from the program. The actual fuel adjustment for March is not
yet known, so the predicted fuel adjustment is used in the calculations. The results are shown in
Figure 4-8 and show that the system was operated very economically for that period.

4.9 Energy Management Optimization Educational Module
This module first created a general mixed integer nonlinear programming problem to
successfully model and optimize the LSU utility system. Next, campus energy demands were
divided by time of day and season and recommended operating strategies were developed for
each of the operating periods. Finally, these recommended strategies were compared to
operating strategies at LSU to determine the potential savings that can be realized.
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Table 4-8: Study of March 10 and March 11 Operations

This module will be tested in Fall 2006 in the senior-level chemical engineering course
Process Economics and Optimization. Students were surveyed to give their initial impressions of
this problem based on a description of the problem. The results are shown in Appendix D. This
educational module was also reviewed by supervisors from LSU Utility Services with good
agreement between their current operating strategies and the program. LSU Utility Services has
reevaluated their operating strategies in the past year to become more economical. This is shown
in the program results. Large savings were typically available in 2005, while current operations
are very close to the program recommendations. LSU Utility Services feels that this model will
aid in operations planning because of its ease of use and accuracy.
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CHAPTER 5
CONCLUSIONS AND RECOMMENDATIONS
5.1 Conclusions
The first goal of this project was to provide three educational modules for use by
undergraduate students. These modules enhance basic concepts and understanding of
cogeneration systems. The CGAM educational module provides an excellent learning tool for
students by solving a straightforward industrial model. It shows the importance of using the real
gas physical property package for obtaining an accurate solution, and it shows that an ideal gas,
constant heat capacity model should be limited to quick estimations for most industrial units.
The data reconciliation educational module provides a learning tool for students by
solving a basic data reconciliation problem. Combined data reconciliation and parameter
estimation is used with a least squares objective function. This problem has been solved by
senior level students in the chemical engineering course Process Economics and Optimization.
The energy management optimization module has been used to compare current
operating strategies to optimal operating strategies and also to find optimal operating strategies
for the 18 operating periods. Students will be exposed to numerous types of industrial equipment
and learn about the performance and efficiencies of each. This module may be used by LSU in
the future to operate the utility system more economically.

5.2 Recommendations
The first recommendation involves modifications to the GE turbine cogeneration system.
A flow meter / thermocouple should be added to better measure the exhaust gas flow rate. An
ideal location would be in the stack before the exhaust gas is exited to the atmosphere. This
could be installed relatively easily and at a low cost.
53

Another modification to the cogeneration system would be involved with obtaining and
accessing data. First, manual gauges located on the HRSG (measuring T5, T6, T7, T8, P8, and T9)
should be connected to the plant distributed control system. Second, a data historian should be
installed to collect and store all plant data. This would allow anytime online access to the data
and would be a significant improvement over the current method of obtaining data from the
control room and manual gauges.
A final recommendation involves the possibility of adding absorptive chillers to the LSU
system. Absorptive chillers use waste heat to produce chilled water. This could be implemented
by recovering additional heat from the product gas before it exits to the atmosphere. Significant
amounts of waste heat could be recovered with the possibility of significant energy savings.
Additional studies should be done to determine the feasibility of this idea. More information
about absorptive chillers is given by Bruno (1999) and from the absorptive refrigeration section
of Lineau (1998).
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APPENDIX A
CGAM EDUCATIONAL MODULE

Figure A-1: Problem Assignment Page 1
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Figure A-2: Problem Assignment Page 2
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Figure A-3: Problem Assignment Page 3
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Figure A-4: Template Page 1
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Figure A-5: Template Page 2
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Figure A-6: Evaluation Responses
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APPENDIX B
DATA RECONCILIATION EDUCATIONAL MODULE

Figure B-1: Evaluation Responses

64

APPENDIX C
EQUIPMENT PERFORMANCE

Figure C-1: Data Collection Screen
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Figure C-2: Electric Driven Chiller Performance
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Figure C-3: Steam Driven Chiller Performance
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Figure C-4: Air Cooler Performance
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Figure C-5: GE Turbine Performance
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Figure C-6: Boiler 8 Performance

Figure C-7: Allison Chiller Performance
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Figure C-8: Boiler 7 and Boiler 4 Performance
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Figure C-9: Optimal Operating Strategy Program
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APPENDIX D
ENERGY MANAGEMENT EDUCATIONAL MODULE

Figure D-1: Evaluation Results
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